† Background and Scope Plant responses to the toxic effects of soil contaminants, such as excess metals or organic substances, have been studied mainly at physiological, biochemical and molecular levels, but the influence on root system architecture has received little attention. Nevertheless, the precise position, morphology and extent of roots can influence contaminant uptake. Here, data are discussed that aim to increase the molecular and ecological understanding of the influence of contaminants on root system architecture. Furthermore, the potential of plant-associated bacteria to influence root growth by their growth-promoting and stress-relieving capacities is explored. † Methods Root growth parameters of Arabidopsis thaliana seedlings grown in vertical agar plates are quantified. Mutants are used in a reverse genetics approach to identify molecular components underlying quantitative changes in root architecture after exposure to excess cadmium, copper or zinc. Plant-associated bacteria are isolated from contaminated environments, genotypically and phenotypically characterized, and used to test plant root growth improvement in the presence of contaminants. † Key Results The molecular determinants of primary root growth inhibition and effects on lateral root density by cadmium were identified. A vertical split-root system revealed local effects of cadmium and copper on root development. However, systemic effects of zinc exposure on root growth reduced both the avoidance of contaminated areas and colonization of non-contaminated areas. The potential for growth promotion and contaminant degradation of plant-associated bacteria was demonstrated by improved root growth of inoculated plants exposed to 2,4-di-nitro-toluene (DNT) or cadmium. † Conclusions Knowledge concerning the specific influence of different contaminants on root system architecture and the molecular mechanisms by which this is achieved can be combined with the exploitation of plant-associated bacteria to influence root development and increase plant stress tolerance, which should lead to more optimal root systems for application in phytoremediation or safer biomass production.
INTRODUCTION
Optimization of plant growth is required to ensure food and feed supply, and to respond to the need for biomass for renewable energy production and industrial feedstock applications (Weyens et al., 2009a, b; Vangronsveld et al., 2009) . However, plant productivity is greatly affected by environmental stresses such as drought and nutrient-deficiency (de Dorlodot et al., 2007; Den Herder et al., 2010) . Plant roots have recently gained attention in strategies for improving plant growth and yield. In the so-called 'second green revolution', roots are considered as mediators of increased nutrient uptake efficiency and drought tolerance, which is essential as water and nutrients will become increasingly limiting in the future (Lynch, 2007; Den Herder et al., 2010; Ghanem et al., 2011; Hinsinger et al., 2011) . Another problem is that food supply is endangered due to the use of large areas of agricultural land for the production of energy biomass (Weyens et al., 2009a; Den Herder et al., 2010) . Indeed, it is estimated that agricultural land in the European Union devoted to biomass production for biofuel/energy use will increase to 190 000 km 2 by 2030 (European Biofuels Technology Platform 2010, Innovation driving a sustainable biofuel industry, http://www.biofuelstp.eu/). With increased nutrient uptake efficiency and drought or salt tolerance, marginal lands [abandoned farmland, degraded (saline, arid, etc.) and (diffusely) contaminated land, excluding conservation areas] may be taken into use to counter this problem (Weyens et al., 2009a, b) . Contaminated lands may be unsuitable for food production due to possible accumulation of toxic substances in the food chain, but taking moderately contaminated land into use for non-food biomass production may further relieve the problem, although obviously plant growth would be affected due to toxicity of the contaminants. There are up to 3 million potentially contaminated sites in the EU-15 countries and at least 250 000 sites require urgent remedial action (Bardos et al., 2008) . Moreover, diffuse contamination affects large areas across the world, mainly as a result of mining activity, fallout from industrial processes such as smelting, agriculture, traffic, areas elevated with contaminated dredged sediments, former landfill sites and abandoned industrial sites. Re-using such contaminated land for non-food crops during and after soil ( phyto)remediation could bring them back into beneficial and sustainable use and reduce detrimental environmental, social and economic impacts on affected communities (Mench et al., 2009; Vangronsveld et al., 2009) . Research towards a better understanding and improving plant growth in the presence of contaminants could contribute to future use of these contaminated areas for safe and efficient biomass production. Plant growth and stress tolerance need to be improved to enhance biomass production. Uptake, translocation, sequestration and possible degradation of the contaminants need to be controlled according to the application of the biomass produced. For safe biomass production on moderately contaminated lands, minimum uptake and influence on biomass quality parameters is desirable (Shute and Macfie, 2006) . For phytoremediation purposes, maximal uptake, translocation and, if possible, breakdown of the products is desired, while maintaining minimal biomass quality for downstream valorization .
Root system architecture is a major factor that can be influenced to increase tolerance to abiotic stresses such as nutrientdeficiency, drought and salinity (de Dorlodot et al., 2007; Den Herder et al., 2010; Galvan-Ampudia and Testerink, 2011; Ghanem et al., 2011; Hinsinger et al., 2011) . Indeed, as roots are the uptake system for water and nutrients, sensing of the local environment and root growth in the vicinity of essential resources are essential. An example of the intimate link between transport systems and root development is functioning of the AtNRT1 . 1 transporter in both nitrate uptake and in a nitrate-sensing mechanism that directs root growth towards local nitrate enrichments (Remans et al., 2006; Krouk et al., 2010) . Root growth in response to salt stress has been well studied (Galvan-Ampudia and Testerink, 2011) , but the role of root system architecture to abiotic stresses related to excess metals or organic substances has not been investigated. Yet, root transporter proteins unavoidably take up excess essential elements, as well as toxic non-essential elements via the transport systems for essential elements (Palmer and Guerinot, 2009; Verbruggen et al., 2009) . A stress-induced morphogenic response, consisting of reduced primary root elongation and increased lateral root density, has been observed in plants exposed to a number of abiotic stress conditions, for example excess metals, and it was postulated that this response redirects plant growth to diminish stress exposure (Potters et al., 2007) . Therefore, these kinds of morphogenic responses should be considered as a determining factor in the avoidance of contaminated soil patches. However, beyond the avoidance mechanism, the ability to colonize noncontaminated areas when root systems are partly exposed to contaminants needs to be evaluated. It can be assumed that the combination of avoidance and colonization would enable the plant to grow and produce safe biomass. On the other hand, for phytoremediation purposes, positioning of roots in contaminated zones is desirable. Much research has been dedicated to identify molecular and physiological traits of metal uptake and sequestration in hyperaccumulators, with the aim to transfer these traits to high-biomass plants in phytoremediation strategies (Hassan and Aarts, 2011) . Some hyperaccumulators are also able to direct root growth towards metals in the soil (Whiting et al., 2000; Alford et al., 2010; Liu et al., 2010) . However, with regard to non-accumulators, only a limited number of studies have dealt with the influence of metals on root system architecture, and the underlying mechanisms remain largely unexplored (Lequeux et al., 2010; Petó et al., 2011; Zhao et al., 2011) . Symbiosis between mycorrhizal fungi and plants has been shown to alleviate the adverse effects on plant growth by stress factors in the soil, such as excess metals (reviewed by Miransari, 2010) . Here, we focus on non-mycorrhizal plants, with Arabidopsis thaliana as a model, for understanding root development in the presence of contaminants.
Root system architecture has been intensively studied in A. thaliana. Its rather small root system is easy to quantify, and the relatively early availability of genome information and annotation, and development of molecular tools has yielded fundamental insight into root development in this species (Malamy, 2005; Péret et al., 2009; Baluška et al., 2010; Den Herder et al., 2010) . Because of the vast knowledge on intrinsic root developmental programmes, A. thaliana also remains an excellent model to study environmental influences on the basic root developmental pathways (Remans et al., 2006; Pérez-Torres et al., 2008; Nibau et al., 2008; Monshausen and Gilroy, 2009; Den Herder et al., 2010; Krouk et al., 2010) . Although it cannot be considered a general rule that selected A. thaliana genes have a similar effect in other species, examples exist of genes selected for positive yield effects in A. thaliana (e.g. one promoting root growth, Park et al., 2005) that have a similar effect in other species (Gonzalez et al., 2009) .
Beneficial plant-associated bacteria can play a key role in supporting and/or enhancing plant health and growth (Zhuang et al., 2007; Taghavi et al., 2009; van der Lelie et al., 2009; Weyens et al., 2009a, b; Yang et al., 2009; Francis et al., 2010) . The presence and activity of microorganisms in the rhizosphere can have a major effect on the nutrient uptake efficiency and stress tolerance of the plant (Weyens et al., 2009a, b; Ghanem et al., 2011) . Plant growthpromoting (PGP) activity can be caused by direct or indirect mechanisms. Direct PGP mechanisms may involve nitrogen fixation by diazotrophs (both rhizospheric and endophytic), increased availability of highly unavailable nutrients such as phosphorus, iron and other mineral nutrients, production of plant growth regulators such as auxins, cytokinins and gibberelines, and suppression of ethylene production by 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity (Bloemberg and Lugtenberg, 2001; Cocking, 2003; Ryu et al., 2005; Mantelin et al., 2006; Contesto et al., 2008; Onofre-Lemus et al., 2009; Weyens et al., 2009a; Rashid et al., 2012; Gamalero and Glick, 2012) . Plant-associated bacteria can indirectly benefit the growth of their host plant by preventing the growth or activity of plant pathogens through competition for space and nutrients, antibiosis, production of hydrolytic enzymes, inhibition of pathogen-produced enzymes or toxins, and induction of plant defence mechanisms (Selosse et al., 2004; Raaijmakers et al., 2009) . Plant-associated bacteria can thus be very important in enabling plants to establish or to grow better on marginal and contaminated land, and could contribute to more economic and environmentally friendly production of biomass (Mastretta et al., 2006; Saleem et al., 2007; Zhuang et al., 2007; Weyens et al., 2009b) .
Here, experiments aimed to increase our molecular and ecological understanding of changes in root system architecture in the presence of excess metals are discussed. Examples demonstrate the potential of plant-associated bacteria to positively influence root growth and to alleviate the negative effects of excess metals or organic contaminants. A large amount of molecular data on root development under normal conditions and stress conditions exists for A. thaliana. A fundamental part of our research is aimed at identifying interference of contaminants with these known molecular parameters of root development. In this regard, mutants for genes potentially involved can be selected from the large collection of available mutants of A. thaliana. This area of research will yield fundamental knowledge concerning the environmental impacts on root development, and can be transferred to strategies for optimization of plant growth in the presence of contaminants using economically interesting plants.
UNDERSTANDING ROOT DEVELOPMENT IN THE PRESENCE OF CONTAMINANTS
It was postulated that different abiotic stresses trigger similar morphological outcomes, and that at least some of the underlying molecular determinants are interchangeable between stress conditions (Potters et al., 2009) . The underlying determinants of the stress-induced morphogenic responses (SIMRs) would be related to altered organismal gradients of plant hormones (e.g. auxin and ethylene), reactive oxygen species (ROS) and antioxidants, which at the cellular level result in altered cell division, elongation and/or differentiation (Potters et al., 2009; Ghanem et al., 2011) . The implication of the above postulation is that, if any stress-specific perception and/ or signalling exists, this would at some point be integrated into the general pathway that triggers the SIMRs causing reduced primary root growth and increased density of lateral roots. Description of the similarities between SIMRs caused by different stress conditions is useful for determining downstream events leading to similar changes in morphogenesis. These events are often linked to the influence on intrinsic root developmental programmes. For example, similar changes in auxin gradients have been revealed for a number of stress conditions that are linked to the same morphogenic response (Potters et al., 2007) . Auxin is a key hormone that is part of intrinsic root developmental pathways (Nibau et al., 2008; Fukaki and Tasaka, 2009; Hodge, 2009) and it is therefore not surprising that changes in root architecture are likely to be connected to changes in auxin gradients and sensitivity.
However, much remains to be learned about more upstream pathways of perception and signalling of the stress factor and the actual interference mechanisms with the general intrinsic root developmental pathways. Furthermore, the description of similarities between SIMRs has often been limited to primary root growth inhibition and increases in lateral root densities in juvenile plants (Potters et al., 2007) , but lateral root outgrowth has received little attention, although it is a major component defining root system architecture. Here, we investigate the following questions relating to root development in the presence of contaminants: (1) What are the upstream components that lead to changes in intrinsic root development programmes? (2) What is the mechanism of interference with intrinsic root developmental pathways? (3) To what extent are these components stress-specific and do they lead to stress-specific changes in root system architecture?
We elaborate on possible experimental procedures that can be used to solve these questions, in particular using A. thaliana in a vertical agar plate system. A. thaliana has a relatively simple root system for which root growth parameters can be easily quantified, and a number of programmes for semi-automatic analysis of root systems have been developed (Armengaud et al., 2009; Lobet et al., 2011) . Furthermore, a large amount of knowledge on intrinsic root development is available, which is essential to our aim of connecting environmental triggers to the intrinsic pathways. As abiotic stress factors, we apply toxic amounts of cadmium (Cd), copper (Cu) and zinc (Zn) ions (as sulphate salts) to the roots and measure morphological responses of wildtype plants to describe the stress-specificity of the responses, and of selected mutants to discover underlying mechanisms in a reverse genetics approach. These three metals have different properties in plants: Cd is non-essential and non-redox active, Zn is essential but not redox-active, and Cu is essential and redoxactive. Nevertheless, the three metals all lead to oxidative stress, but the underlying mechanisms of oxidative stress generation are different, with Cu being able to trigger direct production of ROS via Fenton-reactions, and Cd and Zn indirectly via inhibition of anti-oxidative defence, electron transport chains, or stimulation of pro-oxidative activities such as NADPH oxidase or lipoxygenase (Drazkiewicz et al., 2004; Broadley et al., 2007; Burkhead et al., 2009; Cuypers et al., 2009 Cuypers et al., , 2011 Smeets et al., 2009; Remans et al., 2010) . By comparing the effect of metals with different properties we aimed to increase the likelihood of encountering stress-specific effects. As such, we observed that exposure of A. thaliana roots to excess Cd, Cu and Zn in a vertical agar plate system led to inhibition of primary root growth, and to metal-specific changes in lateral root development (see Fig. 2A ; T. Remans, unpubl. res.) . Cd and Cu caused an increased lateral root density (similar to described SIMRs) but the lateral root elongation was much less inhibited by Cu than by Cd at concentrations that caused similar inhibition of primary root growth. When Zn was applied at the same effect concentration, both lateral root density and lateral root elongation were negatively affected. Thus, these three metals caused three different morphological outcomes, which contradicts the postulation by Potters et al. (2009) that different stresses cause similar morphological outcomes. Experiments with these three metals are used here to unravel the molecular mechanisms behind the observed responses and to gain more ecologically relevant insight into the responses. This is achieved by using A. thaliana mutants in a reverse genetics approach, and examples are given of the involvement of a lipoxygenase gene and a gene involved in ethylene signalling in primary root growth inhibition and in the regulation of lateral root density, respectively, when plants are exposed to Cd.
Discovering metal-specific molecular determinants of primary root growth inhibition A first question is whether the primary root growth inhibition is determined by the same mechanisms, or whether metal-specific determinants contribute to the same outcome. Because exposure to excess Cd and Cu causes oxidative stress, we tested a number of mutants of genes involved in oxidative stress generation and oxidative signalling. These included NADPH oxidase mutants rbohC (Foreman et al., 2003) , rbohD and rbohF (Torres et al., 2002) , and lipoxygenase mutants lox1-1, lox5-2 (Vellosillo et al., 2007) and lox3D (Caldelari et al., 2011) . Seedlings were germinated on control plates in a 50× diluted Gamborg's B5 nutrient background for 7 d; subsequently, a homogeneous set of plants was transferred to treatment plates covering a concentration range of Cd and Cu. Detailed methods for all original data are given in the Appendix. NADPH oxidase mutants rbohC, rbohD and rbohF did not show significantly altered sensitivity of primary root growth to Cd or Cu, and neither did lox3D or lox5-2 (data not shown). However, primary root growth of the lox1-1 mutant was less inhibited by moderate concentrations of Cd than wild-type plants, whereas no significant difference was observed for Cu (Fig. 1) . This shows that the same morphological effect ( primary root growth inhibition) can involve different stress-specific molecular determinants, which was shown here for the involvement of LIPOXYGENASE1 in Cd-induced primary root growth inhibition, but not in Cu-induced primary root growth inhibition. Two hypotheses can be posted concerning the possible metalspecificity of LOX1: (1) oxidative stress induces primary root growth inhibition (Potters et al., 2009 ) and this oxidative stress can be generated directly by Cu, but indirect oxidative stress generation by Cd needs LOX1; (2) alternatively, Cd-specific LOX1-derived oxylipin signalling may contribute to the onset of primary root growth inhibition. The fact that Cd and Cu both strongly induce LOX1 gene expression in roots (Remans et al., 2010; Cuypers et al., 2011) may favour the first hypothesis.
Molecular determinants of lateral root growth effects
Under abiotic stress conditions, lateral root development is also modified. Plants exposed to increasing CdSO 4 concentrations showed an increased lateral root density that returned back to control levels at higher concentrations (Fig. 2B) . In our reverse genetics approach, at higher Cd exposure concentrations, the increased lateral root density is maintained in the ein3-1 mutant (Solano et al., 1998) , whereas it returns to normal levels in control plants (Fig. 2B ). This suggests that ethylene signalling is involved in the decrease of lateral root outgrowth under high Cd exposure. Increasing the lateral root density would allow the plant to explore the soil more thoroughly for non-contaminated zones, but at high Cd concentrations the response would be lost again due to high toxicity levels or general growth inhibition, by which investment of the plant in lateral roots in these zones would be avoided. The upstream regulation of the EIN3 transcription factor and its downstream targets that regulate lateral root development when plants are exposed to Cd remain to be revealed to confirm the involvement of ethylene in this response. Further studies using a reverse genetics approach could reveal more factors involved in lateral root responses, and evaluation of selected mutants under multiple stress conditions could reveal stress-specific determinants. Focus should be given to both lateral root density (number of lateral roots) and lateral root outgrowth (elongation), as both factors determine root architecture and whether a plant will be able to colonize non-contaminated zones. Indeed, as illustrated in Fig. 2A , lateral root outgrowth may be crucial to reach non-contaminated zones. In this regard, the lateral root growth response observed for Cu may be more beneficial than the response to Cd or Zn. Clearly, determination of the molecular parameters underlying observed morphological responses is important to link environmental factors to intrinsic root developmental pathways. However, understanding root developmental responses is another aspect that deserves attention. The next section describes our experimental set-up aimed at deciphering responses in a more ecological context.
What more can the agar plate system reveal? Mimicking heterogeneous conditions to study avoidance and colonization responses
Identifying the molecular determinants of morphological responses is worthwhile for gaining fundamental knowledge on how environmental triggers interact with intrinsic root development pathways. However, focusing only on root growth effects in homogeneous conditions may not be sufficient to understand plant responses in a more ecological context. Root foraging responses to nutrients have been discovered in conditions of heterogeneous nutrient distribution (reviewed by Hodge, 2009 ) and has led to the identification of the molecular parameters involved (Nibau et al., 2008) . By analogy, we applied heterogeneous growth conditions to study avoidance/ colonization responses, i.e. the ability of the roots to avoid contaminated zones and at the same time to colonize noncontaminated zones. Stress avoidance only without efficient colonization could be insufficient for survival of the plant. We use a vertical split-root system to mimic heterogeneous growth conditions, by positioning 8-d-old seedlings such that the growing root tip experiences the opposite condition (contaminated or non-contaminated) than the rest of the plant (Fig. 3A) . This allows us to interpret the responses in a context that is more ecologically relevant as it permits (1) distinguishing local and systemic effects, and (2) describing avoidance and colonization responses.
The effect on primary root growth rate of heterogeneous application of Cd, Cu and Zn to different parts of the root system was studied (Fig. 3B) . Homogeneous conditions where the full root system was exposed or not served as controls. The concentrations of the metals were chosen such that the homogeneous exposure had a similar inhibiting effect on primary root growth (Figs 3B and 4A) . In heterogeneous conditions, exposure of the primary root tips only to 5 mM CdSO 4 or 10 mM CuSO 4 was sufficient to induce an avoidance response consisting of a complete inhibition of primary root growth that occurred between days 1 and 4 after transfer, depending on the metal and the exposure condition of the top zone (Fig. 3B) . However, primary root tips exposed to 75 mM Zn did not stop growing when the rest of the plant experienced control conditions, but continued at a reduced but steady growth rate ( Fig. 3B ; Zn 0 -75). This suggests that the avoidance mechanism induced by Zn is not as strong as that induced by Cd or Cu, something which was not found in homogeneous conditions as similar growth inhibition is observed for plants exposed to a homogenous medium containing 5 mM Cd or 75 mM Zn ( Fig. 3B ; . In the inverse exposure of only the top part of the root system to Cd or Cu, primary root growth in the non-contaminated zone was unaffected. However, the primary root of Zn-exposed plants grew more slowly (Fig. 3B , Zn 75-0), resulting 7 d after transfer in a small but statistically significant inhibitory effect ( Fig. 4A ; Zn 75-0). In summary, Cd and Cu exert a local effect on primary root growth, leading to maximal avoidance and colonization responses, whereas exposure of plants to Zn revealed systemic effects that lead to decreased avoidance and colonization responses.
As mentioned above, another important parameter determining the root architectural responses are lateral roots. For those plants whose primary roots encounter contaminated areas, will the upper lateral roots be able to continue their colonization of the uncontaminated zone (Fig. 3A) ? Total lateral root length in the uncontaminated upper zone when primary root tips encounter metal-contaminated areas seems unaffected by Cu, slightly affected by Cd and strongly affected by Zn (Fig. 3A) . Indeed, quantitative data show that total lateral root length in the upper control zone was unaffected when primary root growth was inhibited by 10 mM Cu ( Fig. 4B ; Cu 0-10). For plants whose primary root tips were exposed to 5 mM Cd a small but statistically insignificant reduction was observed ( Fig. 4B ; Cd 0-5). However, for plants exposed to Zn, total lateral root length in the upper control zone was significantly reduced, to one-third of the control level ( Fig. 4B ; Zn 0-75). In fact, the total lateral root length in the upper zone was the same regardless of which part of the root system was exposed to Zn, suggesting that Zn exerts a complete systemic effect on total lateral root length (cf. Zn 0-75, 75-0 and 75-75; Fig. 4B ). This systemic effect reduces the colonization response in the non-contaminated zone, something which was not observed for Cu and Cd.
Total lateral root length can be dissected into lateral root number and mean lateral root length to reveal which of these parameters is systemically affected by excess Zn. The design of these experiments does not allow us to study any inhibitory 
FIG. 2. (A) Seven-day-old
A. thaliana plants, with primary root length equal to the white mark, were exposed for another 7 d to 5 mM CdSO 4 , 10 mM CuSO 4 or 75 mM ZnSO 4 . At a similar inhibition of primary root growth, lateral root density was increased by Cd and Cu, but decreased by Zn exposure. Lateral root elongation was less affected by Cu than by Cd. The effect on lateral root density and elongation may affect the ability of the lateral root tips to reach non-contaminated zones, for which the response to Cu may be more optimal. (Note: image contrast was enhanced to visualize roots, and shoot colour may look artificial). (B) Lateral root density (base to apex) of A. thaliana wild-type and ein3-1 mutant seedlings (as indicated) after 7 d exposure on vertical agar plates to CdSO 4 . Significant genotype effects within treatments are indicated (*P , 0 . 05, non-parametric Kruskal-Wallis test, n ¼ 6).
effects of the metals on lateral root initiation, as the lateral root primordia had already been initiated during pre-culture. The number of visible lateral roots would therefore originate from the stimulated or inhibited outgrowth of pre-initiated lateral root primordia. The number of emerged lateral roots in the upper control zone was not significantly affected when primary root tips were exposed to 75 mM Zn ( Fig. 4C ; Zn 0-75), but the mean length of these lateral roots was strongly reduced ( Fig. 4D ; Zn 0-75), suggesting that the systemic effect of Zn acts on lateral growth rate rather than on lateral root outgrowth. Also for Cd a lower but statistically significant systemic effect on lateral root elongation was observed ( Fig. 4D ; Cd 0-5). Comparing the effects of the treatments on lateral root number (Fig. 4C ) and lateral root length (Fig. 4D) shows that lateral root lengths are more significantly affected, again emphasizing the importance of quantifying lateral root lengths alongside lateral root density in the description of morphological responses to abiotic stress. It is also remarkable that homogeneous exposure to Cu triggers a morphological response similar to that of phosphorus (P)-deprivation, yet the P-deprivation response can be systemically triggered by exposure of the primary root tip only to low P (Svistoonoff et al., 2007) , whereas the effect of Cu is entirely local as contact of the primary root tip with excess Cu did not change lateral root number or lateral root length in the upper control zone (Fig. 4C, D) .
Screening for the molecular determinants of root architectural changes related to efficiency of avoidance and colonization
We have previously made the assumption that efficient avoidance mechanisms of contaminated zones, combined with an efficient colonization mechanism of non-contaminated zones, would enable the plant to produce sufficient and safe biomass. A systemic inhibitory response to contaminants would decrease this efficiency, and Zn exposure is an example of this. Future research to reveal the molecular parameters involved in avoidance/colonization responses should be conducted in split-root systems, using forward or reverse genetics, although the application of forward genetics will depend on automated root growth analysis (de Dorlodot et al., 2007; Iyer-Pascuzzi et al., 2010) and a high-throughput system. Reverse genetics may at first instance be more feasible and can be conducted with a selection of mutants used to test hypotheses. For example, the involvement of signal transduction pathways can be investigated to reveal the underlying mechanism of the systemic Zn effect. As such, growth of A. thaliana roots in two dimensions in the vertical agar plate system, with increased sophistication of heterogeneous zones, and in combination with the large collection of mutants, can be used to unravel growth-inhibiting and growth-activating mechanisms in avoidance and colonization responses of the root system. The responses will be evaluated in relation to plant fitness and provide understanding towards more safe and more efficient biomass production or phytoremediation applications.
IMPROVING THE DEVELOPMENT OF ROOTS EXPOSED TO CONTAMINANTS
On contaminated soils, natural populations of plant species or specific ecotypes can exist that are tolerant to the contamination. However, these tolerant plants are often low in biomass . Nevertheless, the tolerance mechanisms in these plants are an interesting subject of study, and genetic determinants of tolerance have been transferred to higher biomass species using transgenic technology (Kärenlampi et al., 2000; Pilon-Smits, 2005; Seth et al., 2012) . Although this may be worthwhile in some instances, the technology has a number of disadvantages. Overexpression of a transgene may increase tolerance to the stress condition, but may have a metabolic impact leading to decreased growth (Wojas et al., 2010) . Also, the transgene may not be able to overcome multiple stress conditions, in which case introduction of multiple genes would be necessary. Economic valorization of contaminated land may demand specific species and not all of these may be easily amenable to genetic modification. Another way of assisting plants to overcome the contaminant-associated stress is by exploiting the properties of naturally occurring plant-associated bacteria. These properties can improve the resistance of the plant to the contaminant, but also to other stress factors such as drought and nutrient deficiency. In the following, two examples are presented of the application of plant-associated bacteria to improve growth under stress conditions perceived by the roots.
The use of plant-associated bacteria to improve root growth of A. thaliana exposed to Cd Plant endophytic bacteria can be transferred to subsequent generations via the seeds (Mastretta et al., 2009) , through direct vascular connections from the maternal parent (Block et al., 1998) , by colonization of the meristems (Pirttilä et al., 2000) or transferred through gametes directly (Madmony et al., 2005) . It can be expected that those endophytes that contribute to the increased ability of the plant to tolerate a certain Different letters indicate statistically significant differences (P , 0 . 05) after one-way ANOVA and Tukey correction (n ¼ 6-14) (ng, no growth detected).
stress would be transferred preferentially, probably as a result of the inability of the non-resistant endophytes to survive the stress. Therefore, seed endophytes can be considered as a source for isolation of plant-associated bacteria to improve plant growth under unfavourable conditions. It was observed that the cultivable species composition and phenotypic characteristics of these species was different after cultivating A. thaliana for several generations on 2 mM CdSO 4 . The microbial composition in these seeds differed from the A. thaliana line grown in parallel for the same number of generations on a control soil (data not shown). Some of the bacterial strains isolated from the Cd seeds were used to inoculate A. thaliana and test their ability to improve growth under Cd stress. For this, A. thaliana control seeds (originating from plants that were never exposed to Cd) as well as Cd seeds (originating from plants that were exposed to 2 mM Cd for several generations) were sown on vertical agar plates. After 1 week, half of the control plants were inoculated with a bacterial suspension (10 8 c.f.u. ml
21
) representative for the endophytic population isolated from Cd seeds. It consisted of four non Cd-resistant seed endophytes (4 . 28 % Bacillus sp., 13 . 7 % Bacillus arsenicus, 1 . 59 % Bacillus niacini, 79 . 36 % Bacillus circulans) and one Cd-resistant seed endophyte (0 . 53 % Bacillus arsenicus). The non-Cd-resistant endophytes may possess stress-relieving properties improving plant growth under Cd stress. Inoculation was carried out over 1 week. The plants were exposed to 0, 2 or 10 mM Cd during the entire experiment and primary root lengths were measured.
In the absence of Cd, total root length and growth rate of the root were the same for control plants, Cd plants and inoculated control plants. Upon exposure to 2 or 10 mM Cd, total root length (Fig. 5A, B , E) as well as growth rate (Fig. 5C, D) were significantly higher for inoculated control plants than for non-inoculated control plants or Cd plants. Apparently, the plants only benefited from the inoculation in the case of Cd stress. Under optimal conditions, when plants were not exposed to Cd stress, there was no measurable PGP effect, which may be due to the bacteria possessing characteristics that are stress-relieving and thus only promote growth under stress conditions. The lack of growth promotion in the Cd plants, even though containing the same bacteria as the inoculated control plants, can be explained by the fact that the growth-promoting effect only becomes apparent when the seed endophytes are present in high numbers, as is the case in the inoculated control plants (10 8 c.f.u. ml
). This study provides evidence that inoculation of A. thaliana with seed endophytes can lead to the presence of bacteria in the plant that have a positive effect on root growth upon exposure to Cd. Growth promotion and degradation of organic contaminants 2,4-Di-nitro-toluene (2,4-DNT) is phytotoxic to A. thaliana seedlings, causing a severe reduction in primary root length at concentrations as low as 0 . 5 mg L
. An 80 % reduction in root length was observed at a 2,4-DNT concentration of 1 mg L
. Seedlings on the plates with 5 mg L 21 or higher 2,4-DNT concentrations did not grow at all (Fig. 6A) . Primary root growth was inhibited in the presence of the nitroaromatic and a highly curled growth of the main root was also observed. Lateral root density was visually increased in the presence of 2,4-DNT (Fig. 6B ) but the number of lateral roots and lateral root length could not be measured due to the dense growth.
Numerous studies have investigated the toxicity of 2,4,6-trinitrotoluene (TNT) to plants using soil-based approaches, although little is known about specific root responses of plants towards aromatics (Gong et al., 1999; Travis et al., 2008) . Active uptake of TNT in the roots has been observed and little is transported to the aerial parts of the plants (Sens et al., 1999; Yoon et al., 2006) . Because of its resemblance to TNT, a similar transformation process for 2,4-DNT in plants is suggested. Bacteria are described to mineralize DNT (Spanggord et al., 1991; Snellinx et al., 2003) and 3, 3, mineralize RDX, but not TNT or DNT (Van Aken et al., 2004; Rylott and Bruce, et al., 2009; Rylott et al., 2011) . TNT and DNT are nitroaromatics while RDX is a nitramine. Detoxification of nitroaromatics by plants involves conjugation with glutathione or transformations catalysed by cytochrome P450 according to the green liver model (Burken, 2003; Gandia-Herrero et al., 2008 ). The glutathione conjugates are then transported to the vacuole or cell wall, protecting the plant from the toxic chemical. Metabolites of 2,4-DNT transformation have been reported as aminonitrotoluenes and unknown bound metabolites, suggesting its incorporation in cellulose and lignin (Yoon et al., 2006) .
A collection of soil bacteria isolated from an explosivescontaminated site was tested for 2,4-DNT transformation abilities. Four bacteria showed high 2,4-DNT transformation capacity, with 10-50 % reduction in 2 weeks (Table 1 ). These bacteria were tested for their indole-3-acetic acid (IAA) production and ACC-deaminase activity. Four of five were positive for IAA production However, it is important to mention that Salkowski's reagent detects almost all indole ring compounds, including IAA and other IAA-like molecules. All of the bacteria displayed high levels of ACC-deaminase activity, ranging from 32 to 648 mM a-ketobutyrate (aKB) (mg protein) 21 h 21 (Table 1) . When the 2,4-DNT-transforming strains were inoculated on plant growth medium, main root length of the plants was significantly reduced in comparison with the non-inoculated control, except for Burkholderia sp. (Fig. 6C) . Despite the high level of ACC-deaminase activity, these strains could not promote root growth better than the non-inoculated control under unpolluted conditions. However, when plants were exposed to 1 mg L 21 2,4-DNT, all strains except Geobacillus promoted primary root growth (Fig. 6C) . The best root growth promotion was observed for Burkholderia sp., with a 150 % increase in main root length in comparison with the non-inoculated exposed control. This strain was most efficient in transforming 2,4-DNT in the flask cultures and displayed a high level of ACC-deaminase production [398 mM aKB (mg protein) 21 h 21 ]. A general trend was observed for IAA production, ACC-deaminase activity, 2,4-DNT-transforming abilities and the stimulatory effect on main root growth under DNT-polluting conditions. Only Geobacillus did not enhance root growth in control and exposed conditions despite its moderate level of ACC-deaminase activity. However, this strain did not produce IAA in vitro. At the end of the growth study, roots were stained to visualize root hair morphology. Most of the PGP bacteria increased root hair density and root length and the root hair formation started closer to the root tip (Fig. 6D ). This effect is generally observed for PGP bacteria (Dobbelaere et al., 1999; Contesto et al., 2008) .
As mentioned earlier, PGP rhizobacteria colonize the rhizosphere of many plants and stimulate plant growth either by fixing atmospheric nitrogen, making nutrients more available to plants or releasing phytohormones (Weyens et al., 2009a, b; Bloemberg and Lugtenberg, 2001 ). In addition, PGP rhizobacteria can also affect hormone levels in the plant. For example, ACC-deaminase activity of bacteria lowers ethylene levels in the host plant, releasing the growth-inhibiting effect exerted by this molecule (Glick et al., 1998; Glick, 2005) . Much of the plant ACC produced in the roots is exuded in the rhizosphere where it is subsequently taken up by the bacteria and hydrolysed by ACC-deaminase. This generates a strong sink, thereby lowering internal ACC levels in the root. It has been demonstrated that transgenic ACC-deaminase plants show a higher tolerance to flooding and metal stress (Grichko and Glick, 2001; Stearns et al., 2005; Onofre-Lemus et al., 2009) . In this study, we show that bacteria with ACC-deaminase activity and 2,4-DNT-degrading abilities promote root length of 2,4-DNT-stressed plants, probably due to lowering of ethylene levels and transformation of 2,4-DNT to less toxic compounds. However, pleiotrophic effects, including simultaneously signalling pathways elicited by the microbe, play a role in root elongation (Tanimoto et al., 1995; Pitts et al., 1998; Cao et al., 1999) . Recently, two mechanisms were described to explain the effect of PGP rhizobacteria on root hair elongation, one ethylene-dependent signalling mechanism involving bacterial ACC-deaminase activity and one ethylene-independent mechanism explaining probably the largest part of the effect (Contesto et al., 2008; Desbrosses et al., 2009) . Hormone-mutant studies can provide further insight into the regulation mechanisms of root growth under PGP and pollution conditions.
CONCLUSIONS
Understanding the molecular basis of root development can lead to the development of strategies that interfere with developmental and stress-related pathways with the aim to optimize root development. However, this may not be easily achieved as root growth seems to be determined by small-effect locienvironment interactions (Ghanem et al., 2011) , and therefore plants selected with the best ability to adapt root development to one environmental condition may not be optimal for another condition (Den Herder et al., 2010) . We have discussed here the potential of plant-associated bacteria to improve root growth. Is it still worthwhile studying the underlying molecular mechanisms of root developmental stress responses? Unravelling the molecular background of root development under stress conditions is worthwhile, both from a fundamental biological point of view and also from an applied point of view. The potential of plant-associated bacteria to improve root development is first estimated by screening phenotypic characteristics of production of PGP substances (e.g. IAA), stress-relieving properties (e.g. ACC-deaminase), increased nutrient uptake (organic acids, siderophores, nitrogen fixation, etc.) and sequestration or breakdown of the contaminant(s). Regarding the influence of the associated bacteria on plant growth, knowledge of the mechanisms by which plants alter root architecture may enhance the likelihood of finding the best plant -bacterium interaction by designing appropriate phenotypic screens. Fundamental knowledge gained in in vitro systems will have to be validated in growth systems and species that are more relevant to the eventual application in the field. Nevertheless, a better understanding of (1) the fundamental molecular basis and mechanisms of root development, (2) plant -bacteria interactions, (3) the interactions between different PGP bacteria (quorum sensing) and (4) an integration of environmental effects on all partners and their interactions is needed to optimize the approach and exploit the right plant -bacteria interaction.
